The use of cell-penetrating peptides (CPPs) as delivery vectors for bioactive molecules has been an emerging field since 1994 when the first CPP, penetratin, was discovered. Since then, several CPPs including the widely used Tat peptide, have been developed and utilized to translocate a wide range of compounds across the plasma membrane of cells both in vivo and in vitro. Although the field has emerged as a possible future candidate for drug delivery, little attention has been given to the potential toxic side-effects these peptides might exhibit in cargo delivery. Also, no comprehensive study has been performed to evaluate the relative efficacy of single CPPs to convey different cargos. Therefore, we selected three of the major CPPs; penetratin, Tat, and transportan 10, and evaluated their ability to deliver commonly used cargos, including fluoresceinyl moiety, double stranded DNA, and proteins (ie. avidin and streptavidin), and studied their effect on membrane integrity and cell viability. Our results demonstrate the unfeasibility to use translocation efficacy of fluorescein moiety as a gauge for CPP efficiency since the delivery properties are depending on cargo used. Further, and not less important, toxicity caused by CPPs depend heavily on peptide concentration, cargo molecule, and coupling strategy.
making comparisons between studies all the more complicated. Since no comprehensive study has been performed to evaluate the relative efficacy of single CPPs to deliver different cargos, and whether the cargo type might influence the toxicity of peptides, a study using the same conditions would offer a more accurate comparison concerning these aspects.
Here we aim to evaluate the delivery efficiency and cytotoxicity of three well characterized CPPs, Tat, transportan 10 (TP10), and penetratin [2, 13, 14] (Table 1) , using different cargos. These cargo molecules include carboxyfluorescein that is used on a routine basis to assess the cellular uptake of peptides, double stranded DNA (dsDNA) that can serve as model for decoy oligonucleotides or possibly short interfering RNAs (siRNAs), and two model proteins streptavidin and avidin. Proteins have been transported into cells by CPPs and shown to be biologicaly activity [3, 4] , and in this study streptavidin and avidin were utilized as model proteins as they have been widely studied and have very high affinity for biotinylated peptides, making conjugation less cumbersome. In addition, since different proteins have different isoelectric points (pI), choosing these two proteins as models is appropriate as they have significantly different pI (streptavidin 5.5 and avidin 10.5). The study does not consider the biological activity of the delivered cargos (see [15] for a thorough review) but rather the cargo dependent toxicity that the CPP translocation exhibit.
We show here that the cellular uptake of CPPs is cargo dependent, and our results also imply that the cytotoxicity of these peptides is cargo dependent. Furthermore, we show that the cytotoxicity and internalization level of TP10 varies significantly depending on cargo coupling position within the peptide. Taken together, we believe that these results could be useful in future experiments utilizing CPPs to facilitate the choice of peptide depending on cargo and choice of conjugation strategy.
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Experimental Procedures Peptide synthesis and purification
The peptides (Table 1) were synthesized in a stepwise manner in a 0.1 mmol scale on an automated peptide synthesizer (Applied Biosystems, Model 433A) using t-Boc solid-phase peptide synthesis strategy. tert-Butyloxycarbonyl amino acids were coupled as hydroxybenzotriazole (HOBt) esters to a p-methylbenzylhydrylamine resin (amino acids and resin purchased from Neosystem, Strasbourg, France) to obtain C-terminally amidated peptides. Deprotection of the formyl protecting group on tryptophan was carried out in 20% piperidine in DMF for 1 h. Peptides used for uptake studies were labeled N-terminally and TP10 was also labeled orthogonally on Lys 7 with carboxyfluorescein using 5 eq. 5,6-carboxyflorescein, 5 eq, 1,3-diisopropylcarbodiimide, 5 eq. HoBt and 20 eq. N,Ndiisopropylethylamine dissolved in dimethyl sulfoxide/dimethylformamide 1:1 over night [16] . Biotin (Sigma, Sweden) was coupled as hydroxybenzotiazole ester to the N-terminus of tat and penetratin or to the ε-amino group of lys 7 of TP10.
The peptide was finally cleaved from the resin using liquid HF at 0 °C for 1 h in the presence of p-cresol (1:1). Peptides were purified using reversed phase HPLC on a C18
column, 20-100% Acetonitrile (0.1% TFA) gradient, and the molecular weight was determined by MALDI-TOF mass spectrometry using Perkin Elmer prOTOF™ 2000 MALDI O-TOF Mass Spectrometer (Perkin Elmer, Sweden). The peptide purity was >90% as determined by analytical HPLC.
% FBS, 100 U/ml penicillin, and, 100 mg/ml streptomycin. CHO cells were grown in minimal essential media (MEM) with glutamax supplemented with 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate, 10 % FBS, 100 U/ml penicillin, and, 100 mg/ml streptomycin.
Cells were grown at 37 °C in 5 % CO 2 atmosphere. All media and chemicals were purchased from Invitrogen (Sweden).
Quantitative cellular uptake
200.000 HeLa or CHO cells were seeded 24 h prior to experiments in 12-well plates to reach 70 % confluency. In the uptake studies on free peptide, cells were treated with 1 or 5 µM fluoresceinyl labeled peptides in 500 µl serum free media. In transfection studies of dsDNA, peptides in various concentrations were co-incubated for 30 min in 50 µl 0.9 % NaCl solution. Cells were then treated with 0.2 µM fluoresceinyl labeled dsDNA and CPPs in 500 µl serum free media. In the protein transduction experiments, streptavidin or avidin were either complexed with 1 µM biotinylated peptides in serum free media media or co-incubated with free peptides at various molar ratios in 0.9% NaCl solution to a final volume of 50 µl.
Cells were then treated with 0.2 µM protein and CPPs in 500 µl serum free media. One hour after treatment or 90 min after treatment with proteins, cells were washed twice in Hepes Krebb Ringer (HKR) buffer before trypsination. The trypsination step is crucial in order to remove membrane associated peptides and/or cargo [17] . Cells were centrifuged at 1000g for AB (Sweden) and proteins (streptavidin and avidin) from Invitrogen (Sweden). Single stranded DNA, fluoresceinyl labeled in the 3´end of the antisense strand, were hybridized to the sense strand in MQ water containing 0.9 % NaCl for 1h at 37 °C to achieve dsDNA with two nucleotides overhang at the 3´ end. The DNA sequences are presented in Table 1 .
LDH leakage assay
Membrane integrity was measured using the Promega CytoTox-ONE TM assay (Promega, Sweden). In brief, 10 4 HeLa or CHO were seeded in 96-well plates two days before treatment with 100 µl of the above mentioned compounds at different concentrations in serum free media. After 30 min, 80 µl media was transferred to a black fluorescence plate and incubated for 10 min with 80 µl CytoTox-ONE TM reagent followed by 40 µl stop solution.
Fluorescence was measured at 560/590 nm. Untreated cells were defined as no leakage and 100% leakage was defined as total lactate dehydrogenase (LDH) release by lysating cells in 0.18% triton X100 in HKR buffer.
Wst-1 assay
HeLa or CHO cells were seeded onto 96-well plates, 10.000 cells/well, two days prior treatment. Cells were treated according to the same procedure as in the LDH-leakage assay but for 24 h. Cells were then exposed to wst-1 according to manufacturers protocol (Sigma, Sweden). Absorbance (450-690nm) was measured on absorbance reader Digiscan (Labvision, Sweden). Untreated cells were defined as 100% viable. Although the wst-1 assay measures dehydrogenase activity in mitochondria, it is generally distributed and used as a measure of proliferation [18] .
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Microscopy 200.000 HeLa cells/well were seeded one day prior to exposure with the above mentioned compounds in 12-well plates. Cells were treated for one hour and analyzed in an Olympus 1X70 microscope (with a DP50 camera) using the Wiewfinder Lite V1.0 software.
Statistic analyses
All results represent the mean of at least three independent experiments done in quadruplicate (mean ±SEM, n=3) and statistics were calculated using Anova, Dunnett´s.
**:p<0,01 *:p<0,05.
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Results
TP10 induces membrane leakage and reduces proliferation dose-dependently
To get a general view of the toxic profile displayed by the selected CPPs, the cytotoxic properties of unlabeled peptides was assessed in HeLa and CHO cells. In order to get a comprehensive analysis of the cytotoxicity, both membrane disturbance and mitochondrial activity was studied. A LDH leakage assay was used to measure the acute membrane disturbance caused by the peptides, and a wst-1 assay was employed to study the more long term change in proliferation (i.e. mitochondrial dehydrogenase activity). As seen in Table 2 , 
Uptake of fluoresceinyl labeled CPPs: cargo attachment changes the cytotoxic properties of CPPs
As fluorescein labeled, the selected peptides have vastly different cell-penetrating
properties. From Fig. 1 , the following order of uptake yields was observed; TP10 > Penetratin >> Tat, where the uptake of Tat is nearly undetectable (Fig. 1a, b ). The yield of internalized peptide is overall slightly higher in CHO cells (Fig. 1a, b) . To see whether the fluorescein moiety alters the toxic properties of the peptides, the membrane integrity and proliferation was compared between free or fluoresceinyl labeled peptides. Penetratin shows no signs of toxicity, neither as a free peptide or when flouresceinylated in any of the two assays (data not shown). Tat, in contrast, displays slightly higher membrane leakage as free peptide ( but, interestingly, proliferation is reduced significantly already at 20 µM concentration with the labeled peptide ( Fig. 1d ) but not as a free peptide. Since the fluoresceinyl moiety apparently influence the cell viability, it is highly possible that it also alters the uptake levels of some peptides. If this is true, many of the uptake studies performed on CPPs might only show the uptake of the fluorescein labeled peptide, which do not inevitably correlate with the uptake of the unlabeled CPP.
Internalization and cytotoxicity of TP10 is dependent on cargo coupling position within the peptide
On a routine basis TP10 has been orthogonally conjugated with cargo molecules.
Although orthogonally coupled TP10 has been shown to efficiently deliver various cargos [19] , we wanted to elucidate whether coupling carboxyfluorescein N-terminally to TP10
would change the uptake pattern and cytotoxic profile of the peptide. Surprisingly, internalization of N-terminally labeled TP10 is decreased four-fold compared to the orthogonally labeled peptide (Fig. 2a) , suggesting that cargo coupling position is an important aspect to consider when designing conjugates, at least in case of TP10. This observation also further supports the hypothesis that uptake of free peptides might deviate significantly from that of fluoresceinyl labeled ones. Furthermore, orthogonally labeled TP10 displays significantly lower membrane perturbation and long term toxicity compared to free TP10 or TP10 labeled in the N-terminus (Fig. 2b, c) . Additionally, N-terminally labeled peptide exhibit both higher membrane leakage and long term toxicity compared to unlabeled peptide (Fig. 2b, c) . As seen in Fig. 3 , both unlabeled and N-terminally labeled TP10 slightly alter the morphology and proliferation of HeLa cells treated with 10 µM peptide, while the orthogonally labeled peptide has negligible effect on cell morphology.
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CPPs promote internalization of dsDNA in a relatively non-toxic fashion
As seen in Fig. 4a , all three peptides dose-dependently promote cellular internalization of dsDNA with the following efficiency order: TP10 > Penetratin ≥ Tat. This pattern is in agreement with the one observed for fluoresceinyl labeled peptides (Fig. 1a, b) with the exception for Tat, that seems more efficient in translocating dsDNA than when used as a free peptide (Fig 1a, b, Fig. 4a ).
The same fluoresceinyl labeled dsDNA was further used in complex with increasing amounts of CPPs to examine the cytotoxicity of peptides in non-covalent complexes with dsDNA. Both penetratin and Tat are together with dsDNA nontoxic at concentrations up to 50 µM (Fig. 4b, c) . There is a tendency that Tat in complex with dsDNA decreases the wst-1 activity at concentrations above 20 µM, although this decrease is not significant (Fig. 4c) .
Intriguingly, it appears that the cargo decreases the toxic side effects of TP10, as no sign of toxicity was observed at 10 µM TP10 together with dsDNA (Fig. 4b, c) . This is compared to free TP10, which displays approximately 20 % LDH leakage (Fig. 2b) and about 11 % decrease in wst-1 activity, at 10µM (Table 2) .
Protein uptake varies depending on CPP and delivery strategy used
The selected CPPs were studied in two different protein delivery strategies with two dissimilar proteins (streptavidin and avidin). First, the peptides were co-incubated with the proteins and second, the peptides were conjugated to the proteins through a biotin linker.
When comparing data from co-incubation studies on streptavidin, the translocation efficacy is; Penetratin ≥ TP10 > Tat (Fig. 5a ). No significant difference in uptake was observed with avidin with or without peptide co-incubation, most probably since avidin has a cationic nature that prohibit electrostatic interactions with positively charged CPPs (Fig. 5b) .
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Again, penetratin and Tat show no toxicity displayed by LDH leakage (Fig. 5d) . Also the toxic side effects of TP10 seem to decrease together with protein compared to free peptide, suggesting that peptide-protein interactions somewhat shield the cellular membrane from perturbation ( Fig. 5d) . However, when measuring the mitochondrial activity of cells 24 h after streptavidin treatment, we observed a strong reduction of approximately 75 % in cell viability, concluding that streptavidin is toxic if applied for longer periods of time (Fig. 5e) .
Interestingly, when co-incubating streptavidin with increasing concentrations of TP10, the long-term toxicity clearly decreases, suggesting that the peptide might form stable complexes with the protein that remain unaltered inside cells and thereby shield the cytotoxic epitopes of the protein (Fig. 5e ). This pattern was not observed for Tat or penetratin, indicating that these peptides form less stable complexes with streptavidin (data not shown).
The CPP efficacy pattern changes completely when using biotinylated CPPs that form nearly irreversible interactions with streptavidin. Then the observed uptake is as follows; TP10 ≥ Tat > Penetratin (Fig. 5c ). The same pattern was observed with avidin but overall the level of uptake was higher, most probably since avidin is more cationic allowing interactions with negatively charged cell surfaces (Fig. 5c) . Strikingly, Tat efficiently internalizes to cells when conjugated via biotin to proteins but is poorly internalized as fluorescein coupled peptide compared to TP10 and penetratin ( Fig. 5c and Fig. 1 a, b) .
Discussion
In this study, we compared three of the major CPPs by means of their delivery yield and toxic side effects. We selected the two first discovered CPPs, penetratin and Tat, where the latter has been most extensively used, reviewed in [20] . Both peptides are highly cationic and they have a low amphipathic moment. The third peptide in this study, TP10, is longer, less cationic and more amphipathic than the other two. Common for all the peptides (Table 1) is their ability to promote cellular uptake of various cargos.
The most common way to determine the cell-penetrating efficiency of different CPPs has so far been through labeling with fluorophores, such as carboxyfluorescein. On a routine basis, peptides have been labeled N-terminally, with the exception of transportan and its analog TP10, that have been labeled orthogonally on Lys 13 or Lys 7 , respectively [21] . We wanted to see whether this labeling strategy could influence the cytotoxic properties of different CPPs which thereby also might influence the detected cellular uptake. Non-labeled penetratin showed no different in toxicity compared to fluorescein labeled. Tat on the other hand displays slightly higher membrane perturbation and significantly reduced proliferation as a labeled peptide already at 20 µM concentrations (Fig 2b) . This difference shows the importance of measuring both acute membrane toxicity, as well as more long term toxic effects when studying CPPs, since the two does not necessarily correlate.
The striking differences in uptake and toxicity observed between N-terminally and orthogonally labeled TP10 (Fig. 1 ) might be assigned to the hydrophobic property of fluorescein. When coupled N-terminally, it increases the already hydrophobic nature of the peptide tail resulting in increased membrane destabilization and elevated cytotoxicity. When coupled orthogonally, fluorescein is attached to the cationic part of the peptide, possibly reducing the amphipathicity of the peptide, and hence, the cytotoxicity. This is just speculation, but it has previously been shown that there might be a correlation between amphipathicity and toxicity of CPPs [12] . This observation also further supports the hypothesis that uptake of free peptides might deviate significantly from that of fluoresceinyl labeled ones.
The routine use of carboxyfluorescein as a CPP cargo molecule provides a valuable tool for measurements of cellular uptake, however, it is not a biologically relevant cargo.
Therefore, to further investigate the potential of using CPPs to facilitate uptake of biologically relevant molecules, dsDNA was utilized as a model cargo for decoy-DNA or siRNA. All
CPPs in this study can promote dsDNA uptake in a dose-dependent manner. Both penetratin and Tat are virtually nontoxic together with dsDNA at concentrations up to 50 µM. The presence of dsDNA seems to decrease the cytotoxic side effects caused by TP10, most probably due to electrostatic and hydrophobic interactions between the peptide and the DNA, which makes cellular membranes less exposed to the peptide. reagents have been developed to facilitate the cellular uptake, few delivery vectors exist for proteins. CPPs have been utilized in numerous studies to convey bioactive proteins inside cells [3] . In most cases peptides have been recombinantly expressed from plasmids as a fusion with the protein, resulting in a conjugate of one peptide per protein [22, 23] . Some protein transduction experiments have been conducted with CPPs using the same co-incubation strategy as for oligonucleotides, resulting in non-covalent complexes of several peptides per protein [24, 25] . Both these strategies have been successfully used to transport various proteins inside cells both in vitro and in vivo.
To get a comprehensive study of protein translocation by CPPs, two diverse methods to promote protein uptake were applied together with two proteins (streptavidin and avidin).
Streptavidin and avidin display, as mentioned in the introduction, similar and dissimilar properties making them suitable as models for whichever protein desired. Either, the CPPs were co-incubated with proteins, or biotinylated CPPs were pre-incubated with proteins to form stable CPP-protein complexes.
TP10 and penetratin was found to be the most potent vectors for protein delivery when co-incubated with the proteins (Fig 5a) . This is not unexpected since they both have several hydrophobic residues that can contribute to protein complex formation. Tat on the other hand does not promote any protein uptake when utilizing co-incubation strategy. Since the Tat peptide is a highly cationic with few hydrophobic residues it might be less prone to form cell penetrating protein complexes. Tat is on the other hand a potent vector for protein uptake when conjugated to the protein through a stable linker. Then Tat is as efficient as TP10 to promote uptake of both avidin and streptavidin (Fig 5c) . These results are in line with several other studies implying that uptake of fluoresceinylated Tat is nearly negligible [26] while it is readily internalized when conjugated to a protein [23] . One plausible explanation for this behavior could be that Tat utilizes different internalization routes depending on coupled cargo. Fluoresceinylated Tat might have the ability to pass directly through the plasma membrane as suggested recently in [27] , but the uptake is not high enough to be visualized. In contrast, when a large cargo has been attached to the peptide the uptake mechanism is changed to endocytosis, as suggested in [8, 23, 28] . Further, it seems that conjugating peptides to proteins is overall more effective than co-incubating peptides with proteins, at least when using above-mentioned proteins.
On the whole, TP10 presents itself as the most efficient CPP of the tested peptides to deliver different cargos. As with many other delivery vectors it seems to be a correlation between efficacy and toxicity at higher concentrations. Therefore, although TP10 is an effective transporter, it can not be administered to cells at as high concentrations as Tat or penetratin.
Penetratin displays virtually no membrane perturbation or long term toxicity up to 50 µM concentration, and the uptake yield is average compared to Tat and TP10 for all tested compounds. Tat coupled to fluorescein is as previously reported poorly taken up by tested cell lines compared to penetratin and TP10 [29] . However, when conjugated to protein, Tat translocation is increased dramatically. Consequently, our results emphasize that it is unfeasible to compare uptake of fluoresceinyl labeled CPPs and later use these results as a gauge for translocation efficacy for various cargos. Further, certain CPPs may be practical for use whith one cargo, but be insufficient to use as a vector for another. Cargos, such as dsDNA and proteins, seem to decrease both the acute and long term toxicity of CPPs. However, this is not true for all cargo molecules, since fluorescein moiety increases the toxicity of Tat (Fig   1d) , and also TP10 displays completely different cytotoxic properties when conjugated to fluorescein (Fig 2b, c) .
There are many impediments to overcome before CPPs can be used as efficient and safe pharmaceutical vectors. Obviously, the mechanism of entry must be resolved, but, In addition we have also shown that the cytotoxicity of peptides is highly dependent on cargo used and cargo coupling position within the peptide. In conclusion, we believe that the results presented in this paper can serve as guidelines to select appropriate CPPs for specific cargos. 
